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2 
Abstract  30 
This paper reports the results of a study of submarine groundwater discharge (SGD) to 31 
coastal waters of Majorca (NW Mediterranean). The overall aim is to evaluate the 32 
relevance of SGD of the island and chemically characterize the components that are 33 
supplied to the coastal waters through this pathway. Although other discharge areas are 34 
identified, we particularly focus on SGD in bays and areas of increased sea water 35 
residence time where effects of the discharges are expected to be most notable. Analysis 36 
at four selected embayments with different land-use characteristics indicated a link 37 
between human activities (mainly agriculture and urban) and compounds arriving to the 38 
coast. A pathway for these elements is the diffuse discharge along the shoreline, as 39 
suggested by the inverse relationship between salinity and nutrients in nearshore 40 
porewaters. A general survey was conducted at 46 sites around the island, and used 41 
dissolved Radium as a qualitative indicator of SGD. Measurements of nutrients (P and 42 
N), pCO2 and TOC were performed in order to characterize the elements delivered to 43 
the coastal environment. Most nearshore samples showed 224Ra enrichment (mean±SE, 44 
7.0±0.6 dpm 100 L-1) with respect to offshore waters (1.1±0.2 dpm 100 L-1); however, 45 
224Ra measurements along the coast were highly variable (1.0-38.1 dpm 100 L-1). 46 
Coastal samples with enhanced Radium levels showed elevated pCO2 with respect to 47 
atmospheric concentrations, which together with high pCO2 in groundwater (> 5,000 48 
ppm) indicates that SGD is an important vector of CO2 to coastal waters. Moreover, a 49 
relationship between 224Ra and phytoplankton biomass was established, suggesting an 50 
important impact of SGD on coastal productivity. The results presented here provide a 51 
first approximation of the SGD effect in the coastal waters of Majorca, and indicate that 52 
SGD could be an important source of nutrients and CO2 to the coast, strongly 53 
influencing the productivity and biogeochemical cycling of the coastal waters of 54 
Majorca. 55 
56 
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 57 
Introduction  58 
 59 
Direct discharge of fresh groundwater to the global ocean is estimated to deliver up to 60 
12% of surface water runoff, with the most accepted values between 5 and 10% 61 
(Zektser and Loaiciga, 1993; Church 1996; Taniguchi and others 2002; Slomp and van 62 
Cappellen 2004). Discharge of saline, marine groundwater can be greater by an order of 63 
magnitude or more (Moore, 2010). As groundwater is often enriched in dissolved 64 
chemical constituents relative to surface runoff, its discharge may represent a major 65 
conduit for material flux to the coastal ocean. For instance, a recent study estimated 66 
groundwater carbon export to the sea to be 0.13–0.25 Pg C y-1 (Cole and others 2007), 67 
contributing a disproportionate 17-38% of riverine carbon inputs to the ocean, 68 
compared to a submarine groundwater discharge (SGD) volume flux of only 1.4–12% 69 
of river influx. Groundwater is also a significant source of trace metals and inorganic 70 
nutrients to the coastal ocean, as SGD is frequently enriched in those constituents 71 
compared to surface runoff (Montluçon and Sañudo-Wilhelmy 2001; Beck and others 72 
2007).  73 
 74 
The importance of SGD in delivering freshwater and dissolved substances to the coastal 75 
ocean is particularly significant in arid and semiarid regions, which comprise about 1/3 76 
of the world’s watersheds (Meybeck 1995). At these sites, continuous groundwater 77 
outflow along the coast may be of greater ecological significance than surface runoff, 78 
especially in carbonate settings, which are present in many coastal ecosystems in the 79 
Mediterranean Sea. Even modest SGD can impact receiving coastal waters, as 80 
concentrations of nutrients and contaminants in groundwater may be several orders of 81 
magnitude higher than in seawater (Li and others 1999; Moore 2006), particularly when 82 
the marine environment is oligotrophic, such as the Mediterranean Sea. In this context, 83 
small islands support agriculture and intense tourism, which may cause groundwater 84 
contamination by fertilizers and wastewater. Thereby, nutrient-enriched SGD may 85 
enhance phytoplankton biomass and even explain the increasing frequency of harmful 86 
algal blooms (HAB) along the western Mediterranean coast (e.g., Vila and others 2001). 87 
 88 
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The importance of SGD as a source of coastal nutrients has been extensively 89 
documented (e.g. Valiela and others 1978; Valiela and Teal 1979; Capone and Bautista 90 
1985; Swarzenski and others 2006). For example, Valiela and others (1990, 1992) 91 
observed ecological changes in response to nitrogen enrichment via groundwater, and 92 
Capone and Slater (1990) estimated that >50% of the nitrate entering Great South Bay 93 
(NY) was supplied by groundwater inputs. SGD can drive nearshore eutrophication, 94 
leading to a variety of biological effects including algal bloom development (La Roche 95 
and others 1997; Gobler and Sañudo-Wilhelmy 2001). The role of SGD on the 96 
inorganic carbon system in the coastal ocean has not been fully considered (Borges 97 
2005) but is likely important (Cai et al., 2003). Other solutes such as trace elements are 98 
also transported by groundwater, originating from natural (i.e. weathering) and 99 
anthropogenic sources (Montluçon and Sañudo-Wilhelmy 2001; Beck and others 2007). 100 
We hypothesize that SGD is probably a major source of nutrients in some 101 
Mediterranean regions where intensive agricultural practices, including the use of 102 
treated urban wastewater for irrigation and aquifer recharge, have altered the nutrient 103 
concentrations in groundwaters. Aspects of the biogeochemical relevance of SGD in the 104 
Mediterranean and other semi-arid regions have been addressed in several works (e.g. 105 
Weinstein and others 2007; Swarzenski and Izbicki 2009; Garcia-Solsona and others 106 
2010) but these studies generally focus on specific aquifers which, although allowing 107 
detailed discharge balances, do not provide a general view on SGD effects along the 108 
coast.  109 
 110 
The objective of this study was to assess the presence, properties, and potential 111 
significance of SGD along the coast of the island of Majorca (Western Mediterranean). 112 
For our purpose, we consider ‘submarine groundwater discharge’ to be any outflow of 113 
water from the seafloor, acknowledging that a substantial fraction of this discharge 114 
represents recirculated seawater.  We evaluated the impacts of SGD, detected using the 115 
natural isotopes of Radium (223Ra, 224Ra, 226Ra and 228Ra), on pCO2, inorganic nutrients, 116 
total organic carbon (TOC), and chlorophyll a (Chla) concentrations, the latter as an 117 
index of phytoplankton biomass. The survey was conducted during September 2006, at 118 
the start of the rainy season, when fresh groundwater levels are expected to be still low. 119 
 120 
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Material and Methods. 121 
Study area 122 
The Island of Majorca (3.620 km2) is one of the main tourist destinations in the 123 
Mediterranean Sea with more than 10 million visitors annually. The industrial activity is 124 
scarce, and tourism at the coastline and agriculture inland are the principal controls on 125 
the landscape. The climate of the region is mild with a mean precipitation of 410 mm yr-126 
1, varying more than fivefold from the wet North West (> 1,000 mm yr-1) to the dry SE 127 
(< 300 mm yr-1) across the island (Essex and others 2004).  Rainfall is at its lowest in 128 
summertime, and reaches a maximum between the end of September and December. 129 
Onac and others (2005) propose a physiographical division of the island based on four 130 
units; the Mesozoic limestone units of Serra de Tramuntana, Serra Central, Serra de 131 
Llevant and the Marines de Migjorn and Llevant, which correspond to raised coastal 132 
plains of Tertiary carbonates from the Upper Miocene (Figure 1a). The porous 133 
Mesozoic limestone is highly permeable, and thus does not allow for perennial surface 134 
water flow (Kent and others 2002) with ephemeral streams only appearing in the wettest 135 
season. 136 
 137 
Aquifers are generally unconfined, although changes in facies and geological structures 138 
may locally impose confined and semi-confined conditions (MOPU 1990). Two general 139 
types of aquifer can be distinguished in the Island; the central detrital basins (Palma, Sa 140 
Pobla, Campos) filled with marine and continental deposits from a period between the 141 
Middle Miocene and the Quaternary (Nielsen and others 2004; Arenas and others 2007), 142 
and the karstic aquifers of the Marines and Serras. In the dolomite and limestones that 143 
are located in the Serra de Tramuntana, recharge areas extend across tens of square 144 
kilometers of bare carbonate rocks. These units discharge to the sea, the central detrital 145 
basins of the island, or in some cases to the Marines units. Although hydraulic 146 
conductivity is characterized by a wide range of variability due to geologic 147 
heterogeneity, a double permeability distinguishes the behaviour of the karstic areas: the 148 
main circulation is made through large conduits and it replaces in some way the surface 149 
runoff, whereas small fissures are responsible for the basal outflow of karstic springs 150 
(Barón and González 1987; Candela and others 2008). Van Meir and others (2007) 151 
report transmissivity rates of between 1.3 10-5 and 1.6 10-3 m s-1 in the northeastern 152 
sector of the Tramuntana range. The main aquifers of the Serra de Llevant (NE coast) 153 
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are developed in crushed dolomites, but their behavior is similar to the isotropic 154 
aquifers and cannot be considered as a karstic unit. The Jurassic limestone thrust sheets 155 
show small and highly compartmented karstic aquifers (Barón et al., 1995). The 156 
recharge of these units comes from rainfall infiltration, and their discharge takes place 157 
by pumping and underground flux to neighbor units and the sea. The Marines unit 158 
unconformably overlaps the central part of Majorca and the southern and eastern part of 159 
Serra de Llevant (Pomar, 1991). At least in the inner parts of the unit, its behavior is 160 
similar to an isotropic aquifer, but in coastal zones an important karst network exists 161 
and thereby works as a karst aquifer (Fornós and others 2002; Vesica and others 2000). 162 
Karstic cavities develop at the present-day phreatic level; some are located in the coastal 163 
zone and are flooded by sea-water. Most of the discharge conduits are small and remain 164 
unmapped.  165 
 166 
The annually-lumped potential recharge flow in the island is estimated to be 105 mm 167 
(~25% of precipitation; Barón 1999) and greatly depends on high intensity rainfall 168 
events. Although desalinization for domestic use has increased in recent years, 169 
groundwater extraction is still the main freshwater supply, accounting for some 33% of 170 
fresh water requirements. Overexploitation of several coastal aquifers has lead to some 171 
cases of salt intrusion problems. Reutilization of wastewater for irrigation is a practice 172 
that began in 1970 (Lopez-Garcia 2002) and is now common for use in agriculture, golf 173 
course irrigation, and gardening in urban and resort areas. 174 
Sample collection 175 
The study involved two components: a local study of four contrasting embayments and 176 
a more broad survey around the island of Majorca. The study of the four shallow 177 
embayments differing in land use (Table 1 and Figure 1b) was performed between 13 178 
and 19 September 2006. Watersheds were delineated from surface water catchments 179 
using a Digital Elevation Model (DEM) in ArcInfo grid and land-use was obtained by 180 
simplification of a MAPA (Ministerio de Agricultura Pesca y Alimentación) digital map 181 
in four land types. Although differences between groundwater catchments and surface 182 
watersheds may be in some cases important, particularly in karstic areas, a comparable 183 
extension has been assumed in the absence of precise aquifer delimitations in these 184 
zones. The four locations are dominated by agricultural areas and natural vegetation 185 
(shrubs and occasional woodlands). Agricultural land is in most cases dedicated to 186 
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dryland farming (olive, almond and carob), except for Soller, where land fertility and 187 
water availability allows a more intensive agriculture, mostly citrus groves. For the 188 
purpose of the present work, all agriculture which is not intensive (i.e., irrigated and 189 
fertilized) has been considered to be natural land-use.  190 
 191 
At each embayment, between 6 and 9 near-surface seawater samples were directly 192 
collected from a small boat. An additional station was sampled off the bay at each 193 
location as a reference (RF). In order to characterize groundwater, interstitial water was 194 
sampled at beach areas with a stainless steel, shielded-screen drive-point piezometer 195 
(Retract-a-Tip, AMS, Inc.; Charette and Allen 2006). Up to 6 seepage meters 196 
constructed from metal drums (Lee 1977) were deployed at an approximate depth of 1 197 
m and sampled each hour for a period of 6 hours. SGD rates at each site were 198 
determined from the average water volume variation in the collection bags and the 199 
contribution of fresh water to total discharge was calculated from mass balance of 200 
salinity. 201 
  202 
The general survey was carried out on 27-29 September 2006, and surface seawater was 203 
sampled around Majorca at 46 coastal stations (Table 2 and Figure 1a). The survey was 204 
carried out in shallow waters (aprox. 3-5m) at a similar distance from the shoreline. 205 
Only in a few stations with steep bathymetric gradients depth is slightly higher (up to 206 
9.1 m) Additionally, seven shelf stations which were located at ~50 m water depth were 207 
sampled in order to assess background Ra levels. Salinity and temperature were 208 
recorded with an YSI multiparamenter sonde. Water samples from both the 209 
embayments and the general surveys were analyzed for radium isotopes, nutrients (P, 210 
N), pCO2, TOC and Chl a. 211 
 212 
The sampling area experiences a microtidal regime with a spring tidal range of less than 213 
0.25m. During the general survey maximum sea level differences among stations were 214 
some 0.09m and, therefore, bias due tidal oscillations is considered negligible in the 215 
context of this work.  216 
Sample analyses 217 
Dissolved Radium was measured as a qualitative tracer of SGD. Radium is largely 218 
particle-bound in freshwater but desorbs from particles in contact with seawater (Moore 219 
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2003), so that it is especially useful for observing and quantifying brackish groundwater 220 
inputs (i.e., the sum of fresh and saline discharge). Ra has a number of sources other 221 
than SGD (including diffusion from fine-grained sediments, fluvial input, and 222 
desorption from resuspended and river-borne particles), but a number of studies have 223 
shown that Ra is a reliable tracer of SGD, as SGD is the overwhelming dominant Ra 224 
source in many environments (e.g., Moore 1996; Charette and others 2003; Beck and 225 
others 2007). This is particularly true in coastal waters in Majorca, where other putative 226 
Ra sources are minimized due to the lack of fine-grained sediments and river flow.  227 
 228 
Large volume seawater samples (∼50L) were collected in polypropylene carboys and 229 
gravity filtered through a column of Mn-coated acrylic fiber to quantitatively remove Ra 230 
(Moore 1976). In the laboratory, the Mn fiber was partially dried with a stream of air 231 
and placed in a closed loop helium circulation system. The activities of the short-lived 232 
isotopes (224Ra, T1/2=3.6 d and 223Ra, T1/2=11.8 d) were measured with a delayed 233 
coincidence counter system (RaDeCC; Moore and Arnold 1996). Then, the fibers were 234 
ashed at 820 °C for 16 h (Charette et al., 2001), ground and transferred to counting vials 235 
for gamma spectrometry measurements on a well-type Ge detector: after aging for 3 236 
weeks to allow equilibrium, the long-lived Ra isotopes 226Ra (T1/2=1600 y) and 228Ra 237 
(T1/2=5.75 y) were determined via the emission lines of their decay products 214Pb and 238 
228Ac, respectively. Uncertainties in Ra activities were determined on a detailed error 239 
propagation basis with a confidence interval of 1σ (Garcia-Solsona et al 2008). Briefly, 240 
the calculations were performed step-by-step and following the law of uncertainty 241 
propagation for uncorrelated variables through sample collection, system calibration, 242 
counting and performing the coincidence correction calculations. 243 
 244 
Filtered (0.45 µm), duplicate nutrient samples (13 mL) were collected in acid-washed 245 
polyethylene bottles, and frozen until analysis. Concentrations of nitrate+nitrite (NO-x), 246 
phosphate, total dissolved nitrogen (TN), and total dissolved phosphorous (TP) were 247 
measured with a Braun+Luebbe autoanalyzer following Grasshoff et al. (1983). 248 
 249 
Determination of surface water pCO2 was performed using a high-precision non-250 
dispersive infrared gas analyzer (EGM-4, pp-systems) at 1 min recording interval. 251 
Before entering the gas analyzer, the gas stream was circulated through a Calcium 252 
Sulfate column to avoid interferences from water vapor. A peristaltic pump, and a gas 253 
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exchange column (Mini-Module 1.25x9 Membrane Contactor, Celgard) with an 254 
effective surface area of 0.5 m2, a total volume of 52 mL and a water flow of about 300 255 
mL min-1 were utilized for air-surface sea-water equilibration, resulting in a residence 256 
time of only 10 s and no temperature difference between in situ seawater and water in 257 
the equilibrator. The gas phase was continuously circulated through the equilibrator and 258 
infrared gas analyzer. The gas analyzer was calibrated using two dry standards: pure 259 
nitrogen (0.0 ppm) and a gas mixture of CO2 and N2 containing a CO2 molar fraction of 260 
541 ppm, which revealed an accuracy of ±1 ppm for the pCO2 measurement. All pCO2 261 
measurements were corrected for water vapor pressure and temperature according to 262 
Weiss (1974), and final results reflected pCO2 at 1 atmospheric pressure with 100% 263 
saturation of water vapor and in situ temperature. The net CO2 exchange flux (mmol C 264 
m–2 d–1) across the air–sea interface was calculated based on pCO2 differences between 265 
air and sea (ΔpCO2) from  266 
 267 
22
pCOskFCO Δ=  268 
 269 
where k is the gas transfer velocity (m d–1) and  s is the solubility of CO2 gas in seawater 270 
(mol kg–1atm–1; Weiss 1974). The gas transfer velocity was estimated from mean wind 271 
speed (u10) records (data from Ses Salines marine station, SE Majorca) following 272 
Wanninkhof (1992): 273 
 274 
2/12
10 )660/(
−= cSufk  275 
 276 
where Sc is the Schmidt number of CO2 in seawater; 660 is the Sc value in seawater 277 
(S=35) at 20 ºC; f is a proportionality factor (0.31). Atmospheric pCO2 during the 278 
observation period was assumed constant at 356 μatm, the average of the measurements 279 
during the survey.  280 
 281 
Total organic carbon (TOC) measurements were performed on 10 mL water samples 282 
sealed in pre-combusted glass ampoules (450ºC for 5 h) and kept acidified (pH: 1-2) 283 
until analysis by High Temperature Catalytic Oxidation on a Shimadzu TOC-5000A. 284 
Standards of 44 - 45 µmol C L-1 and 2 µmol C L-1, provided by D.A. Hansell and 285 
Wenhao Chen (Univ. of Miami), were used to assess the accuracy of the estimates. 286 
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 287 
Samples of 200 mL water were filtered through pre-combusted Whatman GF/C glass 288 
fiber filters and stored frozen for fluorometric Chla analysis (Parsons and others, 1984). 289 
The filters were homogenized and kept refrigerated for 24 hours in the dark while 290 
pigments were extracted in 90% acetone. Following extraction, fluorescence was 291 
measured on a Turner Designs fluorometer calibrated with pure chlorophyll a (Sigma 292 
Co.). 293 
 294 
Results.  295 
Local surveys 296 
Both short- and long-lived Ra activities were consistently high near shore and declined 297 
seaward (Fig. 2), indicating a land-sea Ra flux. Much previous work has shown SGD to 298 
be the dominant Ra source in most coastal waters, and due to a lack of river input, fine 299 
grain sediment cover, or marshland, this is likely true in the current setting as well. 300 
Indeed, Ra activities in shallow, brackish groundwater at the four embayments were 301 
greatly elevated relative to offshore surface waters (Fig. 3). Highest activities 302 
consistently occurred in the nearshore and, with the exception of Portocolom, where a 303 
karstic cave system crossing underneath the urban area discharges directly to its 304 
northern shore (Gracia and others 2005), 224Ra enrichment occurred mainly in the 305 
proximity of sandy areas. Unfortunately, we cannot use these Ra data to make 306 
quantitative estimates of SGD: we lack the detailed information necessary for accurate 307 
mass balance calculation (e.g., water exchange volumes), and the coastal mixing rates 308 
approach of Moore (2000) is only valid for settings where diffusive mixing dominates. 309 
Since our study areas are not influenced by fine-grained seabed sediments or rivers, 310 
Radium in coastal waters may be reliably used as a direct indicator of recent SGD input. 311 
Direct SGD measurements at the four sample sites using seepage-meter devices 312 
revealed substantial though heterogeneous flow ranging from 0.4 to 65 cm d-1 (cm3 cm-2 313 
d-1), with an average of 10.3 cm d-1 (Fig. 4). Therefore, we conclude that SGD is active 314 
along the Majorca coast, and is the primary source of Ra enrichment in these coastal 315 
waters. 316 
 317 
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Surface waters at Es Cargol, considered a pristine area, presented low concentrations of 318 
most dissolved constituents (Table 3). The small differences between nearshore waters 319 
and concentrations at the RF station at this site are attributed to local processes such as 320 
surface porewater renewal induced by tidal pumping and wave action rather than to 321 
terrestrial discharge as suggested by the high salinity values measured in the seepage-322 
meters (average±S.D.: 37.18±1.08, 37.16±0.22, 34.68±1.45, and 36.81±0.26, for Es 323 
Cargol, Portocolom, Soller, and Santa Ponça, respectively). The highest average 324 
nutrient concentrations, particularly nitrogen, indicative of eutrophic conditions, were 325 
measured in Soller Bay, where agriculture is the predominant activity (NO-x = 27.8 µM 326 
and PO4= 0. 41 µM).  327 
 328 
Portocolom is a particular case where coastal geomorphology and catchment lithology 329 
play a determinant role in the biogeochemistry of the embayment. Water depth is 330 
shallow (~ 3 m mean depth) and exchange with open waters is restricted by a narrow 331 
entrance (185 m) favoring retention of organic matter and other substances. Portocolom 332 
waters were substantially enriched in TOC relative to the reference station (169±3 µmol 333 
C L-1 vs. 89 µmol C L-1, respectively). Discharge of brackish groundwater through a 334 
conduit of the karstic system in the inner part of the harbor was evident from the 335 
contrasting lower salinity at this site (35.6 vs. ~37.3 elsewhere). Indeed, the SGD signal 336 
was stronger here than in other any point of the survey (224Ra 131 dpm 100 L-1) and 337 
variables such as pCO2, PO4, NO-x were also altered. pCO2 was low (399 ppm) 338 
compared to the reference station (445 ppm) indicating that strong degassing may be 339 
occurring in the cave system before the waters are delivered to the embayment. Nutrient 340 
enrichment was also evident in the inner part of the embayment (NO-x=1.11 µM and 341 
PO4=0.35 µM). Average NO-x concentrations in the embayment were nevertheless low, 342 
possibly as a result of uptake by the comparatively high phytoplankton biomass (Chl a 343 
= 1.43 mg m-3).  344 
 345 
The highest average nutrient concentrations, particularly nitrogen, indicative of 346 
eutrophic conditions, were measured in Soller Bay, where agriculture is the 347 
predominant activity (NO-x =27.8 µM and PO4= 0. 41 µM). Nitrate concentrations were 348 
also relatively high at Santa Ponça particularly when compared with those at 349 
Portocolom, which has similar land use patterns. Phytoplankton biomass was lower in 350 
this case (Chl a= 0.89 mg m-3), but still high for this Mediterranean region (0.15 mg m-3 351 
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in open waters during this survey). TOC was also lower in this embayment and similar 352 
to the values measured in pristine Es Cargol. 353 
 354 
Drive-point piezometer groundwater surveys revealed rather thin sand layers (< 2 m) in 355 
the nearshore overlaying porous bedrock in the four survey areas. This was particularly 356 
remarkable at Portocolom, where sandy sediments comprised only a few centimeters 357 
over muddy or rocky substrates in most of the nearshore areas, and groundwater profiles 358 
could not be obtained. Porewater 224Ra activities in the upper layer of the sediment (15-359 
40 cm) were typically 2 to 8 times higher than in coastal seawater samples (Fig. 3); 360 
however, no general trend could be depicted as high variability was observed from site 361 
to site. Only in the case of Santa Ponça, where the wide beach (> 50 m) is backed by a 362 
relict dune system, were alongshore groundwater salinity and Ra activity spatially 363 
coherent (low spatial variability).  364 
 365 
Figure 5 shows profiles of porewater salinity and nutrient concentrations at Es Cargol, 366 
and Santa Ponça. Although 224Ra activity indicated that SGD occurs at Es Cargol, 367 
porewater salinity and NOx were not significantly different from those in seawater, and 368 
only PO4 was slightly enhanced (0.21 µM). These circumstances probably imply that 369 
seawater recirculation is the source of fully saline SGD at this coastal site. Conversely, 370 
the profile at Santa Ponça showed a remarkable salinity gradient in the upper 60 cm of 371 
sediment, and notable increases of NOx and PO4 with depth. This latter case suggests 372 
that brackish SGD with a land-derived nutrient load may discharge to the Santa Ponça 373 
coastline. 374 
  375 
General survey 376 
Results from the general survey indicate that, during this season, SGD does not 377 
significantly influence the thermohaline properties of waters around Majorca. At most 378 
stations, surface temperature and salinity varied in a narrow range, with values 379 
mirroring those in shelf waters (T∼ 24 ºC and salinity 37.5-38.1 psu). Only a few 380 
stations showed decreased salinity suggestive of increased freshwater input (Table 2). 381 
Specifically, these include Station 28, which corresponds to the outlet of a salt-marsh; 382 
Stations 34 and 38 located at the outlets of mountain streams. With some notable 383 
exceptions (i.e., where karstic conduits occur), the impact of SGD on seawater salinity 384 
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during this season is restricted to a few tens of meters from the shoreline around 385 
Majorca Island.   386 
 387 
The survey around the island showed low but detectable 224Ra concentrations in shelf 388 
surface waters (0.25 –2 dpm 100 L-1), with small differences among the seven stations 389 
around the island (Table 3). In contrast, coastal 224Ra values were on average 84% 390 
higher (10-32 dpm 100 L-1); about two thirds of the stations had elevated activities, 391 
which is indicative of widespread and likely spatially-variable SGD. The mean 224Ra 392 
concentration measured at the nearshore stations was 7± 2 dpm 100 L-1 but values 393 
exceeding 12 dpm 100 L-1 were measured at three sites (Figure 6). Greater similarity 394 
among stations was observed along the coast of Palma and Sa Pobla basins, with an 395 
average surface water 224Ra concentration of 11±2 dpm 100 L-1.   396 
 397 
Surface water pCO2 ranged from 393 to 453 ppm in the offshore coastal stations, 398 
consistent with values previously reported by Gazeau and others (2005) for the Bay of 399 
Palma in summer. Higher pCO2 values were observed along the near-shore (mean 460 ± 400 
12 ppm), with maximum values of up to 831 ppm at Soller. Most of the sampled points 401 
were supersaturated with respect to atmospheric CO2. Sea–air CO2 flux calculations 402 
yield an average outflow of 7.6 ± 0.6 mmol m-2 day-1, but remarkably higher FCO2 (>2 403 
times the mean) fluxes were observed in 25% of the nearshore stations. A positive linear 404 
correlation (r2=0.45, p<0.05) was observed between 224Ra and surface pCO2 (Figure 7a), 405 
suggesting SGD to be a source of CO2 to coastal waters.  406 
 407 
As expected, NO-x and PO4 concentrations were higher along the coast compared to the 408 
offshore shelf waters. While both TN and TP had similar coast/shelf ratios (1.7), 409 
inorganic nutrients showed markedly different ratios (Table 4). NO-x was enhanced 410 
along the coast, whereas PO4 concentrations showed no significant nearshore 411 
enhancement. N:P ratios in shelf waters were close to Redfield (17.8 in our case), but 412 
increased above 20 at the coast. Neither NO-x nor PO4 correlated well with 224Ra, which 413 
can be explained by rapid nutrient uptake by phytoplankton, compared to the greater 414 
persistence of CO2 perturbations (Gazeau and others 2005).  415 
 416 
Phytoplankton biomass was remarkably high in some areas of the Bay of Palma (Can 417 
Pastilla and Arenal), Alcudia (Gran Canal), and Es Dolç (>1 mg m-3). The two first 418 
14 
places are located near the city of Palma and a eutrophic wetland, whereas a nearshore 419 
dinoflagellate bloom was observed in Es Dolç during our sampling. Episodic 420 
dinoflagellate blooms are common in Majorca throughout the summer (Basterretxea and 421 
others 2007), and the increased frequency of this phenomenon is often related to diffuse 422 
nutrient loads. There was a strong relationship between chlorophyll a concentrations 423 
and 224Ra values along the coastal areas surveyed (r2=0.63, p<0.05), except for the 424 
extremely high-biomass stations described above, suggesting a connection between 425 
biomass concentrations and SGD (Figure 7b).  426 
 427 
Total organic carbon concentrations in shelf waters ranged between 63 and 76 µmol C 428 
L-1 (mean±SE: 71±0.6 µmol C L-1), within the range of reported values for coastal 429 
Mediterranean waters (Avril 2002; Barrón 2005). TOC concentrations along the coast 430 
were slightly higher, with 43% of the coastal samples exceeding 80 µmol C L-1, and 431 
TOC above 90 µmol C L-1 at some stations (Arenal and Sa Marina). TOC was not 432 
significantly (p>0.05) correlated to 224Ra activity, which suggests groundwater sources 433 
to be minor.  434 
 435 
Discussion. 436 
The results presented here provide evidence of widespread SGD around Majorca Island, 437 
with a more complex pattern than the simple NW to SE gradient expected from the 438 
strong (> 3 fold) rainfall decline along this gradient. Our results also suggest that SGD 439 
may be a vector for nutrients and CO2 to coastal waters. All of these impacts should be 440 
considered conservative, as the study was conducted at the beginning of the wet season, 441 
when hydraulic head, and therefore, SGD is expected to be near its minimum.  442 
 443 
The Dupuit-Ghyben-Herzberg (DGH) model indicates that in the absence of pumping 444 
the shape of the saline-freshwater interface is determined by the distribution of the ratio 445 
of recharge to hydraulic conductivity (Vacher 1988). Hence, the amount of recharge 446 
ultimately controls the discharge zone, which should be proportional to the volume of 447 
freshwater flow (Glover 1959). Small islands with limited recharge should in principle 448 
present reduced fresh SGD exchange volumes between terrestrial and marine systems, 449 
particularly when withdrawal by pumping significantly reduces the fresh groundwater 450 
volume. Indeed, the 224Ra activities measured in this study are, with some exceptions, in 451 
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the lower range of reported values in coastal and estuarine environments (3 to 120 dpm 452 
100 L-1; Charette and others 2001; Kelly and Moran 2002; Moore 2003). However, this 453 
discharge appears to be sufficient to alter the otherwise oligotrophic status of nearshore 454 
ecosystems, as suggested by the positive correlation observed between Chla and 224Ra. 455 
Furthermore, estimates based on homogeneous permeability are expected to 456 
underestimate fluxes in karstified coastal areas where hydraulic conductivity is sensibly 457 
higher and where discharge from submarine conduits may occur hundreds of meters 458 
offshore (e.g., Whitaker and Smart 1990, 1993). This particularly affects to our 459 
estimations along the NW and SE coasts. 460 
 461 
Several factors occurring at different spatial-temporal scales produce changes from base 462 
flow conditions. An annual cycle following the seasonal variation in precipitation and 463 
evaporation is expected to occur (although considerable lags between precipitation and 464 
SGD may take place, see Michael and others 2005). The amount of nutrients arriving to 465 
the coast during these events is significantly higher. However, in semi-arid areas fast 466 
flows are episodic and restricted to the wet season and, therefore, their impact in the 467 
sustainment of coastal communities is expected to be lower than the more permanent 468 
groundwater discharge. Furthermore, fresh groundwater flux is also increased during 469 
intense rain episodes as demonstrated by Capone and Bautista (1985). 470 
 471 
Our results provide evidence that total SGD can substantially impact coastal 472 
ecosystems. In particular, the results indicate that the partial pressure of CO2 and air-sea 473 
CO2 fluxes are affected by submarine groundwater discharge, and that SGD affects 474 
nitrogen concentrations and phytoplankton biomass in waters that are not extensively 475 
affected by point source nutrient inputs. SGD impacts on pCO2 seem to be more 476 
critically affected by aquifer characteristics, whereas nutrient concentrations, 477 
particularly nitrogen, are more closely related to land use. The significant correlation 478 
observed between pCO2 and 224Ra, along with the exceedingly high pCO2 directly 479 
measured in groundwater reservoirs inland (5,302 – 12,097 ppm) strongly suggests that 480 
groundwater has a significant impact on the nearshore pCO2 distribution (Cai and Wang 481 
1998; Cai and others 2003). The strong imprint of groundwater inputs on nearshore 482 
waters may be further enhanced by the increase in temperature in coastal water relative 483 
to that of groundwater inputs in the summer (during our sampling between 1 and 2 ºC 484 
higher). This would lead to elevated pCO2 levels in the resulting mixture, relative to that 485 
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expected from mixing of two water masses with equal temperature. Recent estimates 486 
have suggested that SGD must deliver a disproportionate amount (17-38%) of riverine 487 
carbon inputs to the ocean, compared to a submarine groundwater discharge (SGD) of 488 
only 1.4–12% of river influx (Cole and others 2007). Indeed, our results support this 489 
claim and provide a demonstration that SGD need be considered in the examination of 490 
the CO2 balance of coastal waters, a process neglected in current frameworks (Borges 491 
and others 2005).  492 
 493 
Our results show that SGD acts as a conduit for delivering nutrients derived from inland 494 
activities to coastal ecosystems, affecting phytoplankton biomass and eutrophication 495 
patterns around Majorca Island. Although SGD nutrient inputs enhance concentrations 496 
near the coast by typically 1.7 fold, inorganic nutrient concentrations are not 497 
appreciably enhanced in the pristine area of Es Cargol, suggesting that delivery of 498 
nutrients by SGD is strongly affected by human activities in the recharge areas. 499 
Elevated nitrate content in Mallorca groundwater is apparently caused by intensive 500 
fertilizer use in irrigated areas (Candela and others 2008), and a recent survey has 501 
revealed that 38% of the aquifers in Majorca contain high nitrate levels (Eptisa 2008). 502 
Nitrogen enrichment is particularly relevant because marine ecosystems are typically 503 
nitrogen limited. Indeed, most studies on nutrient perturbations in groundwater systems 504 
focus on nitrate because it is limiting in many marine areas and because it is highly 505 
soluble and rapidly leaches into groundwater. In contrast, our results show that in a 506 
majority of the surveyed areas, phosphorous levels are low which is attributed to 507 
reduced anthropogenic sources, biochemical transformation, and/or retention in aquifers 508 
or rapid uptake by P-limited biota. Mediterranean phytoplankton and seagrasses, both 509 
abundant in the study area, have been shown to be P-limited (Thingstad and others 510 
1998; Pérez and others 1991; Alcoverro and others 1997). Phosphate is easily adsorbed 511 
in substrates with high organic matter or oxides of iron and aluminum, and reacts and 512 
co-precipitates with calcium carbonate to form calcium carbonate surface complexes 513 
and/or the mineral apatite (Berner 1981). Indeed, there is evidence demonstrating that in 514 
carbonated areas, phosphorus generally limits phytoplankton (Fourqurean and others 515 
1993; Basterretxea and others 2007) and seagrass growth (Short 1987, Pérez and others 516 
1991, Alcoverro and others 1997).  517 
 518 
17 
In summary, the results presented here provide evidence that SGD to coastal waters is 519 
significant around the island of Majorca, even at the time SGD is expected to be lowest, 520 
and represents a major vector of CO2 and nutrients to the coastal waters, with important 521 
functional consequences for coastal ecosystems. Our results provide evidence that the 522 
high pCO2 in groundwaters ventilates after discharge to the sea, a process that may be 523 
important in coastal waters elsewhere (Cole and others 2007), that is yet to be 524 
incorporated in current assessments of the CO2 balance of coastal waters (Borges and 525 
others 2005). Our results also indicate that SGD can enhance phytoplankton biomass, 526 
through the associated inputs of nitrogen and phosphorus to the otherwise oligotrophic 527 
Mediterranean coastal waters investigated, affecting ecosystem processes. Whereas our 528 
results did not investigate this aspect, nutrient inputs associated with SGD have the 529 
potential to also stimulate seagrass growth, which is strongly nutrient-limited in 530 
Majorca Island, and roots that penetrate the sediments may possibly intercept 531 
groundwater nutrients as it seeps upward. The role of SGD as vector of limiting 532 
nutrients and CO2 also helps explain the otherwise apparent paradox of a positive 533 
relationship between SGD and both chlorophyll a and pCO2. Indeed, these results 534 
strongly point at a prevalent role of groundwater discharge in the biogeochemical and 535 
ecosystem dynamics of coastal waters of Majorca, and suggest a possibly important, but 536 
hitherto hidden role of groundwater discharges in comparable arid and semi-arid coastal 537 
areas around the world. 538 
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Figure captions  757 
 758 
Figure 1. (a) Map of Majorca showing the position of the sampled stations. The codes 759 
correspond to those in table 1. The larger circles indicate the location of the selected 760 
embayments. The structural map is based on Butzer (1962) and Nielsen and others 761 
(2004). (b)  Map of the watershed and land use for each of the selected embayments. 762 
Land-use is depicted from simplification of MAPA digital map in four land types. 763 
Shoreline position is indicated in black. 764 
Figure 2. Short- (224Ra, t1/2 = 3.6 d) and long-lived (228Ra, t1/2 = 5.8 y) radium activities 765 
with distance from shore. Note that Ra activities are on a log scale. 766 
Figure 3. Ra activities in groundwater at the four embayment sampling sites (all sites 767 
are pooled). The heavyweight dashed lines indicate the average Ra activity in the 768 
surface water nearest to shore. The horizontal line within each box is the median, and 769 
the boundaries of the boxes indicate the 25th and 75th percentiles. Error bars above and 770 
below the boxes indicate the 10th and 90th percentiles. Filled circles identify outlying 771 
points.  772 
Figure 4. Direct seepage measurements at the four embayments. The horizontal line 773 
within each box is the median, and the boundaries of the boxes indicate the 25th and 75th 774 
percentiles. Error bars above and below the boxes indicate the 10th and 90th percentiles. 775 
Filled circles identify outlying points. 776 
Figure 5. Selected profiles of porewater salinity, NOx and PO4 at Es Cargol and Santa 777 
Ponça. 778 
Figure 6. Map of 224Ra activity along the coast of Majorca obtained during the general 779 
survey. 780 
Figure 7. Relations between (a) 224Ra and  pCO2 and (b) 224Ra and chlorophyll-a for the 781 
general survey. Offshore stations are marked in white. Outliers marked with a different 782 
color have been removed from the correlation.  783 
 784 
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Tables 786 
 787 
Table 1. Characteristics and main land uses in the four catchments which include the 788 
embayments selected. All agriculture which is not intensive is considered to be natural 789 
land-use 790 
 791 
 792 
 793 
 794 
 795 
 796 
Table 2. Water depth, temperature, and salinity at sampling locations. Sampling sites 797 
and codes as referred to in text and figures.  798 
 799 
Station Site Latitude (N)     Longitude (E)  Depth (m) Temp. (ºC) Salinity (psu) 
1 Playa Palma 39o 32.86’ 2 o 41.29’ 3.0 23.8 38.1 
2 Can Pastilla 39 o 31.74’ 2 o 43.57’ 3.5 23.9 37.8 
3 Arenal 39 o 30.66’ 2 o 44.66’ 3.0 24.0 37.9 
4 Cala Blava 39 o 29.23’ 2 o 44.15’ 3.2 23.9 37.9 
5 Regana 39 o 28.15’ 2 o 43.60’ 3.2 24.0 37.9 
6 Cala Pi 39 o 21.81’ 2 o 50.11’ 1.9 23.7 37.7 
7 Vallgornera 39 o 21.89’ 2 o 51.10’ 9.5 24.2 37.8 
8 S'Estanyol 39 o 21.40’ 2 o 54.97’ 4.2 24.2 37.6 
9 Shelf 1 39 o 16.00’ 2 o 52.91’ 55.0 24.3 37.8 
10 Es Trenc 39 o 20.91’ 2 o 58.59’ 3.2 24.4 37.8 
11 Es Dolç 39 o 18.90’ 3 o 00.11’ 3.5 23.9 37.7 
12 Cala Marmols 39 o 17.35’ 3 o 05.61’ 3.0 24.0 37.8 
13 Caló des Moro 39 o 18.88’ 3 o 07.48’ 5.0 24.2 37.4 
14 Cala Santany 39 o 19.41’ 3 o 08.58’ 6.0 24.2 37.8 
15 Cala Mondragó 39 o 21.06’ 3 o 11.36’ 4.0 24.2 37.9 
16 Shelf 2 39 o 20.79’ 3 o 13.84’ 50.0 24.2 37.9 
17 Porto Petro 39 o 21.69’ 3 o 13.04’ 4.4 24.3 37.9 
18 Cala Sa Nau 39 o 23.55’ 3 o 14.94’ 7.0 24.3 37.9 
19 Cala Magraner 39 o 29.18’ 3 o 17.40’ 3.5 24.3 38.0 
20 S'Estany d'en Mas 39 o 31.01’ 3 o 18.84’ 4.0 24.3 38.0 
21 S'Illot 39 o 34.00’ 3 o 22.45’ 4.0 24.3 38.0 
22 Canyamel 39 o 38.25’ 3 o 26.37’ 3.8 24.8 38.1 
23 Shelf 3 39 o 39.03’ 3 o 29.08’ 45.0 24.3 38.1 
24 Cala Mesquida 39 o 44.78’ 3 o 26.19’ 3.7 24.6 38.1 
25 Sa Font Celada 39 o 45.94’ 3 o 23.12’ 3.0 24.6 38.0 
26 Sa Canova 39 o 43.98’ 3 o 14.45’ 3.0 24.4 37.8 
27 Son Bauló 39 o 45.62’ 3 o 10.36’ 3.0 24.3 37.8 
   Land uses 
Location 
Catchment area 
 (km2) 
Coastline length 
(km) 
Undeveloped 
(%) 
Agriculture 
(%) 
Urban 
(%) 
Industrial 
(%) 
Es Cargol  17 2.5 100 0 0 0 
Portocolom  13 9.0 84 2.3 12 1 
Soller  58 9.4 65 27 2 0 
Santa Ponça  107 14 90 2.5 7 <1 
27 
28 Gran Canal 39 o 48.23’ 3 o 07.40’ 4.0 24.6 37.2 
29 Shelf 4 39 o 51.74’ 3 o 14.64’ 48.0 24.3 37.9 
30 Sa Marina 39 o 51.93’ 3 o 05.90’ 3.8 24.2 37.7 
31 Llenaire 39 o 53.00’ 3 o 05.11’ 3.0 24.2 37.8 
32 Shelf 5 39 o 55.99’ 3 o 12.43’ 50.0 24.3 37.8 
33 Cala es Molí 39 o 55.24’ 3 o 03.54’ 5.5 23.8 37.0 
34 Sa Calobra 39 o 51.23’ 2 o 48.25’ 12.0 24.1 37.2 
35 Shelf 6 39 o 48.53’ 2 o 39.56’ 5.0 25.3 38.0 
36 Es Port des Canonge 39 o 42.10’ 2 o 33.30’ 5.4 24.7 38.0 
37 Cala Basset 39 o 35.84’ 2 o 21.27’ 5.8 24.6 37.9 
38 Sant Elm 39 o 34.60’ 2 o 21.17’ 4.0 25.0 37.4 
39 Andratx 39 o 32.45’ 2 o 22.62’ 13.0 24.4 37.9 
40 Camp de Mar 39 o 32.17’ 2 o 25.35’ 4.0 24.7 37.9 
41 Shelf 7 39 o 30.63’ 2 o 25.95’ 50.0 24.4 37.9 
42 Magalluf 39 o 30.33’ 2 o 32.24’ 5.6 24.2 37.8 
 800 
 801 
 802 
Table 3. Summary statistics (mean±SE) for seawater samples obtained at the four 803 
embayments and at the corresponding reference station (RF). 804 
 805 
Location 
224Ra 
(dpm 100 L-1) 
pCO2 
(ppm) 
NO-x  
(µM) 
PO4  
(µM) 
TOC 
(µmol C L-1) 
Chl-a 
(mg m-3) 
Es Cargol (n=6) 
RF 
8.7±1.7 
1.2 
395±2 
398 
0.25±0.07 
0.28 
0.08±0.27 
0.03 
87±0.3 
94 
0.24±0.06 
0.13 
Portocolom (n=9) 
RF 
65.5±4.4 
1.4 
513±4 
445 
0.30±0.6 
0.17 
0.28±0.1 
0.24 
169±3 
89 
1.43±0.5 
0.23 
Soller (n=6) 
RF 
18.6±5.1 
1.6 
713±8 
456 
27.80±4.8 
0.18 
0.41±0.1 
0.24 
121±3 
84 
0.34±0.29 
0.17 
Santa Ponça (n=7) 
RF 
11.4±1.2 
2.0 
518±1 
387 
1.9±0.1 
0.10 
0.29±0.1 
0.11 
80±2 
61 
 
0.89±0.42 
0.26 
 806 
 807 
 808 
 809 
 810 
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 Table 4. Summary statistics for measurements in coastal and shelf waters in this 
study.  
 
 
Measurement Shelf waters mean ±SE 
Coastal waters 
mean ±SE 
Coast/Shelf 
ratio 
224Ra (dpm 100 L-1) 1.1±0.6 7±2.2 6.4 
pCO2 (ppm) 416±11 459±4 1.1 
NO-x (µM) 0.33±0.05 1.68±3.2 5.1 
TN (µM) 3.80±0.5 6.25±2.2 1.7 
PO4 (µM) 0.09±0.04 0.11±0.2 1.2 
TP (µM) 0.2±0.05 0.28±0.3 1.7 
N:P 19.0 22.3 1.2 
TOC(µmol C L-1) 71.3±0.6 82.1±1.2 1.2 
Chla (mg m-3) 0.15±0.1 0.46±0.5 3.1 
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